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INTRODUCTION 

Knowledge and technology In gas turbines Improved rapidly In the decade 
following World War II. During that period much of the ground work In two- 
dimensional flow analysis and turbine tooling was done. Convection, film, and 
transpiration cooled vanes and blades were studied analytically and experi- 
mentally. A cooled turbine with aluminum blades was run with a 1650 K (2500® 

F) Inlet temperature In 1947. Also, an engine test program utilizing liquid 
hydrogen for a turbine cooling air heat slnL ran a successful test with a 
3000® F turbine Inlet temperature. While there were severe operating problems 
that precluded practical use of these concepts at that time, these experiments 
did demonstrate the potential of turbine cooling. Since that time, turbine 
. ^ Inlet temperatures in production engines for civil aircraft have Increased 

» from 1000 to 1650 X (1400® to 2500® F), largely through experience, developing 

1 technology, Improved materials, and more rigorous design techniques. Figure 1 

shows the history of this temperature Increase from the early turbojets to the 
current high bypass turbofans. Note the leveling off In recent years. This 
will be discussed later. 

Currently, quasl-three-dimenslonal Inviscid i^ow analyses are standard 
design tools for flow analysis and these are used with empirical and calcu- 
lated boundary layer and endwall effects. Hot gas side heat transfer calcula- 
tion methods range from the use of flat plate he< t transfer correlations to 
fairly sophisticated boundary layer codes with warinus turbulence models, 
transition criteria, and geometric provisions. Internal flow and heat trans- 
fer calculations for coolant side heat transfer typically use one-dimensional 
convection rodels with empirical correlations for Impingement, pin fins, and 
turbulence promoters. Metal temperature prediction systems use these heat 
transfer calculations with two-dimensional conduction codes that employ paired 
rows of elements. Inside and outside, along the blade profile at several span- 
wise positions. The calculated temperatures are then tied together spanwise, 
recalculated If necessary to reflect spanwise conduction, and used to evaluate 
the cooling system. This method provides an approximate three-dimensional 
solution for metal temperature distribution. 

While currently used design methods provide turbines with high aerody- 
namic efficiencies, substantial uncertainties continue In the prediction of 
local metal temperatures. Figure 2 shows the lea'-ning curve In turbine design 
technology as I see It and also shows an assessment of the current ability to 
predict metal temperatures. Note that gas-side heat transfer coefficient jn- 

! certainty Is 35 percent while the coolant side uncertainty Is 25 percent. 

: These uncertainties, combined with only approximate knowledge of gas and cool- 

• ant temperatures, lead to an uncertainty of about 100 K (180® F) In local 
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metal temperature. This In turn leads to uncertainty In life prediction of a 
factor of ten. An analysis of this subject was presented at the 1980 Joint 
ACMc^/AirKc Hatlcnal Heat Transfer Conferencep refere*^ce ^ It shnuld he noferi 
that a significant contributor to this limitation on metal temperature predic- 
tion ability Is the lack of precise knowledge of the real engine environment. 
There Is a real need for accurate measurements of temperature, pressure, and 
turbulence distributions. The price paid for this uncertainty In metal tem- 
perature prediction can be quite high In terms of development cost as well as 
subsequent maintenance costs. Figure 3 shows a pie chart on the cost of 
development of a new engine. About four years ago I surveyed four or f.-'e of 
the major engine companies to get this Information. This representation aver- 
ages the response. The total engine development costs In 1979 ranged from 
$b00 million to J1.2 billion. In 1903 this would scale up to about $600 
million to $1.6 billion. Of that total cost, 10 to 40 percent were Incurred 
In the core turbine. And two thirds of that was In fixes. That amounts to 
about $40 to $400 million In core turbine changes through flight certification 
add perhaps one year of operating experience. Recent conversations with, and 
research proposals from, the engine companies Indicate that this picture has 
not significantly changed. 

Current efforts In computational fluid mechanics. Instrumentation, and 
computer technology hold promise of another period of rapid advancement 1n 
turbine design technology. We won't see dramatic Increases In turbine Inlet 
temperature such as the 550 K (1000® F) Increase In the 50's and 60's, but we 
will see greatly Increased computer Involvement In design optimization and the 
simulation of component and full engine operation. For the aerodynamic and 
heat transfer codes, we will see significantly more accurate definition of 
boundary conditions because of Improved high temperature Instrumentation and 
greatly Improved modeling of combustors. Figure 4 summarizes very simply the 
changes we can expect 1n the next ten years. I believe that three-dimensional 
viscous computer codes will be standard design tools, and that the uncertainty 
margins In heat transfer coefficients will be reduced by a factor of three. 
This, In combination with accurate knowledge of the environment, should permit 
metal temperature prediction with an accuracy of 14 to 28 K (25® to 50® F) and 
greatly reduced component and engine development times and costs. We can also 
expect major Improvements In specific fuel consumption, thrusi-to-we1ght 
ratios, and time between engine overhauls. 

A great deal of Interesting work Is underway In research, development, 
and design technology. High fuel costs have resulted In Increased emphasis on 
high cycle efficiency and consequently higher cycle pressure ratios and tur- 
bine Inlet temperatures. Much current work, therefore. Is In high temperature 
turbines with complex cooling systems thi'. employ rather hot cooling air. 

Many Innovative aerodynamic concepts are also being explored. These Include 
leaned or bowed vanes with contoured endwalls, variations In radial distribu- 
tion of work, winglets, various endwall trenching and grooving, and several 
variable geometry techniques. The programs to be highlighted herein are In 
radial and axial turbines for the 1990's and beyond. Also, mission and cycle 
studies for aircraft of the period will be discussed along wlih the long range 
turbine peiformance goals. 
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RADIAL TURBINES 


General Charart.er1<.t1r<. 

Radial turbl'tes are suitable for many applications ranging from very 
small superchargers to hydroel-'tric power plants. In all of these applica- 
tions they show many desirable cnaracterlstics such as high efficiency, ease 
of manufacture, sturdy construction, and high reliability. Francis and Kaplan 
turbines are employed In hydroelectric systems generating more than 100 000 KW. 
These typically have variable radial-inflow stator vanes. The Francis has a 
radial Inflow rotor with b ades extending partially around the bend toward 
axial flow, while the Kaplat turbine Includes a vaneless ucnd downstream of 
the vanes followed by an ax1 il rotor. All, of course, have axial exit flow. 
References show that both types have peak efficiencies near 93 percent. In 
the small sizes, radial turbines have demonstrated an efficiency advantage 
ov«>r axial turbines. Small radial turbines generally look like the set . .on 
shown In figure 5. Flow enters the vane section from a duct that can be In 
the form of a torus, which Is a doughnut-shaped large plenum, or a volute that 
provides flow spiraling Into the vanes with a significant whirl velocity com- 
ponent. Vanes designed for a volute Inlet generally have little or no cam- 
ber. In most small radial turbines the solid hub does not extend out to the 
tip as shown. The blades then have running clearance on both the hub side and 
the shroud side. 

Radial or swept blades may be employed. In nriost applications radial 
blades are selected because of unacceptable bending stresses In the case of 
swept blades. A typical velocity diagram Is a’so shown In figure 5 along with 
that of an axial stage designed for the same speed, work, and work factor. 

The two significant differences are In the optimum Incidence angle Indicated 
by the radial rotor Inlet relative velocity vector and the lower exit wheel 
speed corresponding to the lower exit mean radius. The optimum Incidence 
angle provides minimum Inlet loss by positioning the stagnation streamline 
right on the leading edge. This results In an optimum work factor smaller 
than 1.0, which limits stage work for applications requiring maximum effi- 
ciency. Backsweep and profiled leading edges have been explored for Increased 
stage work and are discussed later In this paper. 

An unattractive characteristic of radial turbines Is the relatively large 
volume required by the Inlet ducting that lies outside the vane assembly and 
consequently greatly Increases the diameter of the total package. This, of 
course, also Increases the weight. Another Is the difficulty of manufacturing 
a cooled radial rotor for high performance light weight engine systems. 
Extensive work Is underway to develop this technology and Is discussed herein. 

There are many references describing the general characteristics ?nd the 
highly efficient performance of radial Inflow turbines. One of the most com- 
prehensive and enthusiastic Is Homer Wood's pape*- of 1962, reference 2. This 
Is recommended reading for any designer considering the selection of radial or 
axial stages for Ms application. There Is a persuasive argument for the 
selection of higher tip speeds and high stage loadings for the radial In view 
of the relationships amr.ng blade stress, disc stress, efficiency, and stage 
loading. The radial turbine chapter In NASA SP 290, reference 3, discusses 
many fundamental considerations In the design of radial turbines with particu- 
lar emphasis on effects of changes In geometry. 
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Efficiency 


The radial gas turbine is in coiripctltlcn with the turbine mostly In 

the small size range. Here Its packaging and weight disadvantages are offset 
by the Inherent advantages In efficiency. Small axial turbines are very sen- 
sitive to aerodynamic ci 'promises associated with manufacturing limitations 
and Inaccuracies. These comprom'ses are In the areas of airfoil thickness, 
surface roughness, rotor tip clearance control, and general dimensional con- 
trols. Reference 4 details a study of a six Inch tip diameter axial turbine 
that performed with as-manufactured rotor blades at an efficiency level of 78 
percent at Its design operating point. Correcting the surface roughness 
gained one point. Reworking a large part of the profile to reduce trailing 
edge thickness by 21 percent further Increased efficiency by 4 percent. These 
changes raised the efficiency to 83 percent. Trailing edge thicknesses were 
still relatively large, however, with a blockage of about 13 percent, and hurt 
performance. Another significant penalty Is In rotor tip clearance. While 
large aircraft turbines operate with tip clearances near 1 percent of passage 
height, small turolnes typically operate with tip clearances of 2 to 3 per- 
cent. This penalizes efficiency In three ways. The tip section unloads, re 
ducing turning, a significant amount of working fluid bypasses the rotor 
blades, and there are viscous losses Incurred by the tip clearance flows. The 
tip clearance loss reduces turbine work and efficiency by one to three percent 
for each percent clearance depending on clearance configuration and rotor tip 
reaction. For a high reaction rotor tip with a smooth shroud wall, the figure 
Is three. 

The radial turbine experiences the same absolute clearance controls and 
levels, but Its flow path provides a very minimal clearance penalty. This Is 
perhaps the key factor In the radial turbine's efficiency advantage over the 
axial. Minimum tip clearance achievable depends on bearing clearances, shaft 
excursions, differential thermal and centrifugal growths, and manufacturing 
tolerances. In general, the clearance gap Is proportional to the clearance 
radius. Note 1n figure 5 that the radial turbine exducer radius Is only about 
two thirds that of the axial while the blade Is about three times as high. 

This provides a radial clearance to passage height ratio about one quarter 
that of the small axial turbine and well under the 1 percent achievable In 
even large axial turbines. This clearance-efficiency relationship was studied 
with a low pressure radial turb’oe designed for a space power system and re- 
ported In reference 5. The key results are shown In figure 6. Axial clear- 
ance was varied near the leading edge and the radial clearance over the 
exducer with stnooth variation between. The sensitivity for the axial (Inlet) 
clearance Is only one-tenth that of the radial (exit) In the zero to three 
percent clrarance range. This Insensitivity to axial clearance at the large 
Inlet radius results from the low relative velocity and consequently low vis- 
cous clearance flow loss. There Is no real loss In turbine work because the 
stator vanes provide the Inlet angular momentum jhlle the tight exit running 
clearance ensures near design extraction of this angular momentum and conse- 
quently near design work. The adverse effects of large axial clearances are 
thus limited to the clearance flow losses and a slight redistribution of the 
blade loading. Another radial turbine advantage Is the unguided acceleration 
In the vaneless space. This reduces vane loading and losses, particularly In 
a case of high stage work where the vaneless Si.ace cculo provide acceleration 
io supersonic velocities. Two other assets are the light blade loading and 
the lower average kinetic energy levels. The eery high rotor solidities re- 
sult In relatively light blade loading with low blade surface diffusion and 
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the low average velocities lead to somewhat lower rotor viscous losses. All 
of these efficiency advantages stem from the radial-axial flow path Illus- 
trated In figure 5 . 


Current Problem Areas 

There are several problem areas being worked by various engine companies, 
laboratories, and universities. Much of the nwtivatlon and funding comes from 
the Department of Defense and the Department of Energy. Research and Develop- 
ment (RAD) efforts are underway for the future use of radial turbines In 
applications ranging from helicopters to trucks. The Importance of low fuel 
consumption leads to work toward lighter and more efficient turbines co oper- 
ate 1 n the high temperature high pressure environment of high performance 
helicopter engines. This Identifies cooling and materials as candidate Items 
for RAD effort. Low cost Is Important In any application, but critical In 
ground vehicle engines because of the advanced manufacturing and performance 
technology of competing diesel and spark Ignition engines. This consideration 
directs efforts toward low pressure ratio systems with recuperated cycles and 
turbines with little or no cooling. The major concerns being addressed for 
future engines are as follows; 

( 1 ) Increased turbine Inlet gas temperatures 

0 highly effective cooling with multi-pass coolant passages. 

turbulence promoters, and some film cooling 
0 Improved manufacturing technology to provide complex coolant 
passages at reasonable cost 
0 metals that can tolerate high temperatures 
0 ceramic coatings 
0 solid ceramics 

( 2 ) Improved part power performance 
0 better aerodynamics 

0 variable geometry 

( 3 ) Improved duct design 

0 2 -D axl-symmetric viscous flow codes 

0 3 -D viscous flow codes 

( 4 ) Increased stage loading 
0 blade backsweep 

0 downstream stators 

( 5 ) Improved off-design performance prediction 
0 better loss models 

0 variable geometry 
0 cooling effects 


Recent and Current RAD Programs 

A variety of programs In radial turbine technology have been carried out 
In recent years with varying degrees of success relative to their objectives. 
Topical areas Included air cooling, materials, fabrication techniques, and 
variable geomei.y. Many of these efforts were funded by the U. S. Army with 
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engine requirements derived from helicopter mission studies. These studies 
have shown that for engines with flows of five pounds per second or less, a 
radial stage is a very attractive component for the compressor drive. It 
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tor, and frontal area Is not of serious concern. Most applications require 
front-drive power turbines with concentric shafts. This .:*eans fairly large 
bore diameters In the core compressor end turbine. High b>>re stresses require 
high mechanical Integrity of the radial turbine rotor. Much of the develop- 
ment work for high temperature applications with air cooling, therefore, have 
been In this area of mechanical strength and durability In the rotor hub as 
well as In the blades. 


Bicast cooled rotor . - One of the early programs for developing a cooled 
radial turbine was Initiated with funding by U. S. Array AVLABS 1n 1968 (ref. 
6). This program called for development of a design and fabrication method 
for an air cooled rotor for an engine air flow of 5 pounds per second and a 
tOrblne Inlet temperature of 1530 K (2300* F). The turbine tip speed was 2300 
feet per second and expansion ratio of 5:1. This rotor had a relatively small 
bore; smaller than current front-drive requirements. The blade cooling was 
relatively simple with a single two-pass channel In each blade discharging the 
coolant through a radial slot on the blade surface as shown In figure 7. Ini- 
tial attempts to cast a one-piece rotor were not successful, with gross non- 
fill, ceramic core breakage, and distortion. Subsequent attempts Involved 
bicasting, f'qure 8. This was unsuccessful also, however, with Insufficient 
rotor strengtn to support the high speed stresses. 

Cast/HIP cooled rotor . - Detroit Diesel Allison (DDA) was awarded an array 
contract In 1977 to provide and demonstrate the technology required for the 
economical manufacture of an efficient high temperature radial turbine (refs. 

7 and 8). The approach selected Included an air-cooled airfoil she! . rilP 
bonded to a high strength hub. The shell was a monolithic casting that In- 
cluded all rotor blades and a thin hub section. The bond Joint surface was 
conical under most of the blade section with a sho^t cylindrical surface under 
the exducer section. The cooling scheme was relatively simple with two 
smooth-walled channels discharging air on the pressure surftice of each blade 
near the trailing edge. The cooling passages and the HIP (Hot Isostatic 
Pressing) bond surfaces are shown In figures 8 and 9. 


The aerodynamic and thermal design Involved a tradeoff s .udy among many 
variables. These Included blade-jet speed ratio for high efficiency, blade 
and endwall contouring, coolant flows, and various stresses. With an engine 
output of 1000 horsepower, the core turbine was designed for 55 000 rpm, 1258 
hp, 170 psia, 1530 K (2300* F), and 5.2 Ib/sec. An excellent bond quality was 
achieved. This was demonstrated by ultra-sonic non-destructive testing, 
macro/rr<1crostructure examination of a sectioned rotor, and rotor-burst 
strength testing. Production cost estimates made this approach very attrac- 
tive relative to the cost of a comparable axial turbine. 


Low temperature aerodynamic performance tests were run over a range of 
speeds and pressure ratios. Varying coolant flow rates from 0 to 150 percent 
of design flow ratio were run In order to learn the effect on performance. 
Figure 10 shows a performance map with efficiency referenced to only the pri- 
mary flow. Design point efficiency o^ 86 percent Is somewhat short of the 88 
percent goal. The goal should be achievable In a developed turbine. Figure 
11 shows the effect of coolant flow on thermodynamic efficiency defined as the 
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ratio of output work divided by the sum of primary and coolant flow available 
energies . 


Laminated radial wcfer cooled rotor . - References 9 and 10 describe an 
Army coniract effort at the Garrett Turbine Engine Company, mis effort par- 
alleled the ODA program with a different fabrication approach. A large number 
of thin photo-etched sheets of MAR-M 247 were stocked axially and HIP-bonded 
to form the rotor. The external surfaces forming xne blades and the nub were 
then machined to provide smooth flow passages. Photo-etching permitted the 
use of complex cooling passages formed by the etched openings In the lami- 
nates. These openings were lormal to the laminates giving rise to the steps 
shown In figure 12. The discontinuities enhance Internal heat transfer by 
promoting turbulence, but they result In thick blades In the exducer region 
because of the discontinuities. This turbine also Included a separately 
formed hub bonded to the laminated assembly. This program experienced many 
difficulties In the achievement of high Integrity bonds between the laminates 
add also In the bond Inspection process. The radial wafers support centrif- 
ugal stresses well, however, and the test rotors exhibited good burst 
strength. The problems experienced Indicate a limited future for this design 
approach . 

Split blade concept . - A program Jointly funded by NASA and the U. S. 

Army Research and Technology Laboratories Is currently underway at Solar 
Turbines, Inc. This concept, shown In figure 13, employs two monolithic cast- 
ings. a "star wheel" Inlet section, and an exducer section. The "star wheel" 
Is cast with split blades. An Iron core for each blade Is formed with grooves 
and cavities to be filled with the same high temperature alloy used for the 
blade-wheel casting. This Is HIP bonded Into the split blades. The Iron Is 
subsequently leached out with acid leaving complex Internal cooling passages 
with flow boundaries and turbulence promoters where the Iron core had been 
grooved. This technique permits the use of highly effective Internal cooling 
and also flexlblltv/ In the Internal geometry. Modifications may be tnade 
readily In the Iron matrix with no reworking of the casting patterns or 
cores. The exducer casting can be produced with highly effective -'oollng 
passages and with no difficult casting problems. It's too early In the pro- 
gram to assess the success In meeting objectives, out the concept Is attrac- 
tive. Figure 14 shows an exducer at the top and the split blade casting at 
the left. The casting shown on the right Is a company-funded alternative to 
the split blade approach. It Is a cored casting. Both of these "star wheels" 
discharge the coolant from the trailing edges Into a gap between the radial 
part of the blades and the leading edges of the exducer blades forming a cool- 
ing film on the exducer blades. The exducer blades themselves are Internally 
cooled with trailing edge ejection. It should be noted that the design re- 
quirements are rather severe with a turbine rotor Inlet gas temperature of 
1800 K (2800® F). A paper describing this program In some detail Is being 
prepared for presentation by A. Hammer of Solar at the 1983 SAE Aerospace 
Meeting . 

Variable geometry . - The need for Improved part power fuel consumption 
led the U. S. Army Research and Technology Laboratories to award two study 
contracts In 1979. The purpose was to define approaches In variable-geometry 
components that would provide an output power range of 2:0 while maintaining a 
nearly constant thermodynamic cycle. The full power flow was specified at 5 
Ib/sec and two turbine Inlet temj)eratures were to be examined, 1650 K (2500® 

F) and the maximum attainable with an unrooled rotor. One of these studies. 
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performed by Teledyne, resulted In the concept shown In figure 15. Each of 
two centrifugal compressor stages Is equipped with variable Inlet guide vanes 
and mcvedble diffuse* sidewalls. The radial core turbine also employs a move- 
able stator side**"') wnlle the axial free power turbine has pivoting stator 
vanes whiuh, V e the compressor inlet guide vanes, rotate about the radii of 
concentric sph» 'leal endwalls. The rotor blades are not cooled. All of the 
variable components are linked mechanically to simultaneously vary the flow 
area through the range of 50 to 100 percent of the full power flow area. 

Shaft speeds and turbine Inlet temperature are to be h«»ld constant so that all 
component pressure ratios and flow-specific works are also approximately con- 
stant. This results In a net power output that also varies from 100 down to 
50 percent, except, of course, for whate'*?r performance penalties are Incurred 
by the variable geometry. This study contract effort led to additional con- 
tracts for the design, fabrication, and exper Imtfntal evaluation of a variable 
radial inflow turbine with various mechanical approaches to the translating 
endwall. These Included straight and contoured endwalls on the hub side and 
the shroud side. Each of these configurations, 2L In total number. Involved 
stationary vanes and one moveable endwall with holes matching the vane pro- 
files to permit the translating movement. So far In the program, 24 configu- 
rations have been tested. For the most efficient, 50 percent area reduction 
resulted In an efficiency decrease from 87.5 percent to 83.5 percent and a 
flow reduction of 38 percent for a net power reduction of about 40 percent. 
Figure 16 shows one of the p»*el1m1nary data plots for a moveable hub wall. 

This curve shows a somewhat lower part power efficiency than the best moveabU 
shroud configuration, but the shape of the curve Is typical. These data were 
taken with the vane-prof 1 le-wal 1 clearances completely sealed. Some data 

taken with a workable high temperature seal !r.:talled Indicate' that leakage 

flows and aerodynamic losses can be held to very low and acceptable levels. 

It Is likely that the compressor stages and the axial power turbine will 

exhibit similar characteristics. That Is, decreasing efficiency and less than 
1:1 flow/area reduction as flow areas In the static vanes and diffusers are 
reduced- Consequently, engine power may be expected to decrea^^ to a level 
near 50 percent of full power as fuel flow Is controlled to maintain core 
shaft speed as flow areas are reduced hy 50 percent while specific fuel con- 
sumption Increases reflecting the lower component efficiencies. A paper 
describing the experimental program as well as the system study background Is 
being prepared for the 1983 SAE Aerospace Meeting 

A second contract study was carried out by the Garrett Turbine -nglne 
Company. An early decision to pursue the cooled rotor approach was made, wlt^ 
a laminated radial wafer fabrication assumed. The variable geometry In this 
turbine was simply a pivoted trailing edge section on each vane. The station- 
ary parts of the vanes Included contoured endwalls for low aerodynamic loss. 
The flow path and the articulated vanes are shown In figure 17. The laige 
vane exit flow angle results In o required angular movement of only 10® for 
the 50 percent area reduction. Flat parallel endwalls should facilitate the 
action of the moving trailing edges with minimal leakage problems. Although 
this program was not carried through aerodynamic testing, a detailed analysis 
with good loss models Indicated a stage efficiency of 0.866 Including stator 
leakage and all cooling penalties. Reference 11 Is the final report cn the 
program. 

Both of these approaches are promising and worthy of continued attention. 

C eramic turbines . Ceramics for various turbine engine components are 
receiving a great deal of attention because of the potential multiple benefits 
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In cost, weight, corrosion and erosion resistance, and the el lininatlon of 
coollng’ln high temperature areas. Reference 12. published In 1970, dlscusse*^ 
many of the design considerations In the use of ceramics, makes comparisons 
with high temperature rActals. and Includes many references on the sublect that 
were published during the 60's. Somt of the problem areas detailed therein 
have been worked extensively with sor.te measure of success. Reference 13 pro- 
vides a more recent overview of the subject with a summary of R 0 program ef- 
forts and progress. This paper assessed fairly well the state of the art and 
the problems that must be solved to enable exploitation of the potentials of 
ceramic components. Some of the conclusions reached were as follows: 

(1) Large utility gas turbines offer a great potential for conservation 
of current fuels as well as the potential for using lower grade, more corro 
sive alternate fuels . 

(2) Use of solid ceramic components In aircraft Is still pretty far Into 
the future bec-iuse of high risk. One exception might be the static shroud 
over the high pressure turbine rotor blade tips. 

(3) Earliest use of solid ceramic turbines will be In small sizes for 
application In automotive passenger vehicles, trucks, buses, remotely piloted 
aircraft, and portable power units. 

(4) R 0 needs are In Improved materials and processing, design criteria 
and approaches, and non- destructive evaluation techniques. 

The Department of Energy has been and Is currently funding programs In the 
development of components for ground transport vehicles. Two of these are the 
CATE ^Ceramic Applications In Turbine Engines) and AGl (Advonced Gas Turbine) 
projects. Work to date on monolithic ceramics has shown that these materials 
have good high temperature strength and good oxidation resistance, but they 
are brittle and currently have low reliability. Maximum operating tempero 
tures for various parts made of silicon carbide and silicon nitride range from 
1600 to 1900 k (2400* to 3000” f) depending upon stress levels. Processing 
begins with powders of submicron particles which are s'ntered with various 
additives. Hot Isostatic pressing. Injection molding, or slip-casting Is then 
employed to form the “green" bodies. Densif Icatlon by sintering and, again, 
hot Isostatic pressing finally forms the fully dense monolithic ceramic body. 
Ihe dens 1 f 1 cat 1 on process results In an overall linear shrinkage of about 17 
percent. Ceramic axial and radial turbines are being developed for the AGT 
project by the Garrett Turbine Engine Company working with Ford (AC' 101) and 
Detroit Diesel Allison working wl‘h Pontiac (AGT 100). The actual piocessing 
of the ceramics 's being carried out by companies Including Ford, AIResearch 
Cjstlng Company, Carborundum, and GTE Laboratories. 

Figure 18 shows the ceramic parts under development for the AGT 100. The 
■adlal turbine rotor was fabricated by Carborundum of silicon carbide. An 
alternate rotor of slUcon nitride Is being developed by GTE Laooratorles . 
Reference 14 provides 198? status of the AGT 100 program and reference 15 
covers the AGT 101 effort In ceramics. 

I mproved o ff-design performance . It was mentioned earlier that most 
radial turbine rotors have thin radial blades at the Inlet. This feature 
leads to a fairly limited range of low loss Incidence angle and consequently 
high losses at off design operating points. The Cummins Engine Company has 
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carried out an 1nteri>t1ng program with a series of rotors with thick leading 
edg.^s shaped to expand the range of low- loss Incidence angles. Ihe applica 
tion associated with the need for this program Is In supercharger turbines for 
large diesel engines. These turbines mu<^t operate In pulsating engine exhaust 
flow over a wide range of engine operating conditions. At any particular 
engine operating point the mass flow pulsate- as much as ?0 to 30 percent. 
During these pulsations a thin blade rotor, upper left, figure 19, develops 
large Intermittent separated recirculation zones. Several rotors with thick 
blade leading edges were designed, built, and tested for a^'; *^m1c perform 
ance. Three of these, round nose, forward curved, and ba k a;d ved, are 
also shown In figure 19. Aerodynamic performance of all oree is scribed In 
reference 16. lests used to determine this performance were run ax a number 
of steady flow conditions representing various Instantaneous operating points 
In the real engine environment. Significant Improvements In capacity and 

efficiency were observed. Maximum ef f 1c lency Improvement was .u percent at 
the high work factor end of the range and 18 percent at the low end. These 
Improvements were for. In Cun^'nlns terminology, forward curved and backward 
curved rotors respectively. The round nose rotor was Intermediate between the 
thin blades and the preferentially curved blades and experienced most of the 
performance gains at both ends of the range. Subsequent tests In an engine 
exhaust system verified the performance gains measured in the steady flow 
tests. The thick blade concept can be adapted to and optimized for a variety 
of applications for which the conventional geometry Is not optimum. Stresses 
would be more manageable than those of a thin swept blade and design velocity 
diagrams could bi varied freely. 


Production Turbines 

Most radial turbines that are currently In production are small and used 
principally *n superchargers , aircraft APU's, and aircraft starters. The^e 
are some exceptions. Turbonetics tnergy, Inc., a subsldlarv of Mechanical 
lechaology, Inc., has radial steam turbines In product Ion w1 th output power 
ratings of SOO to 6000 horsepower, these are suitable for cugeneratlon, en- 
hanced oil recovery cogeneration and mechanical drive applications. Rotor tip 
diameters up to 1? Inches have been designed with operating speeds of ?4 COO 
to 46 000 rpm. Stage efficiencies of 88 percent have been achieved. Figure 
dC shows one of their rotors. Iheir system Includes two radial turbine stages 
In series coupled to a common output shaft through >tep down gears. 

Anothei* noteworthy application of radial turbines Is offered by kongsberg 
of Norway. Iheir KG engine has a centrifugal compressor and a cadlcl Intlow 
turbine mount.’d back to back and cantilevered on a single shaft. This shaft 
drives the generator through a two stage gear reducet . Output power ranges 
from 100(1 to 1/00 kWwIth optional gaseous or liquid fuel systems. Ihe tur 
bine tip diameter Is about 24 Inches, figure 21 shc)ws a section through the 
engine and ilso a photograph of the rotor assembly. 

Solar lurblnes, Inc. has produced a large number of Spart.-o gas turbine 
engines employing radial turbines. These were relatively small. In the 360 to 

400 horsepower range. While no longer In production, these engines are In use 

world wide. There are very large radial turbines running on blast furnace gas 
In Russia. Output powers range from B to 13 MW. Radial ^urblnes -./ere 

selected tor their ruggedness and erosion resistance In this very dirty 

environment. 
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M\xed Flow Turbines 


hlxed flow turbines are mentioned briefly here because there Is some cur 
rent effort related to possible aerospace and automotive applications. It 
appears that a mixed flow turbine can offer the efficiency advantages of a 
radial turbine. Also, blade backsweep for higher stage work can be Incorpor 
ated with radial blade elements and consequently no centrifugal bending 
stresses. This provides the best features of both the axial turbine and toe 
radial turbine. A program at the NASA Lewis Research Center Includes a cer- 
amic mixed flow turbine as a candidate compressor-drive for an advanced high 
temperature rotorcraft engine. Other candidates are a small cooled high work 
axial stage and a cooled metallic radial stage. The mixed flow stage 1s still 
In preliminary design, but will Took like the conflguatlon shown In figure 
?2. The use of backsweep with thin blades Is essentially unlimited by cen- 
trifugal bending stresses, so that stage loading can be Increased substan- 
tially beyond that of a comparable radial stage. Tip speeds of 2000 feet per 
second are reasonable for this geometry with either silicon nitride or silicon 
carbide. Mixed flow stages are suitable and are being considered for a 
single-shaft automobile turbine engine as well as small powerplants for target 
drones and other remotely pllotted aircraft. 


AXIAL TURBINES 

Major Concerns and Problem Areas 

A continuing dialogue with each of the major aircraft engin? companies Is 
carried out by various segments of the Lewis Research Center staff, m the 
areas of turbine design and tecnnology this dialogue has Identified a number 
of uncertainties 1n the various elements of turbine design and the prediction 
of aerodynamic and thermodynamic processes. These are listed In figure 23. 

Sasic b oundary layer behavior . - The need to minimize engine we1g<'t and 

the cooling flows that penalize cycle thermodynamic efficiency has led to 
highly loaded vanes and blades with low solidities. The need for low specific 
fuel consumption has resulted In high cycle pressure ratios and high turbine 
Inlet temperatures, particularly In high bypass engines for passenger and 
cargo aircraft. The high core pressures and relatively low flows lesultltig 
from the high bypass ratios lead to high turning vanes and blades as well as 
low passage heights and consequently strong boundary layer flows. The high 
loading, high turning, and small passage heights compound the difficulties In 
predicting boundary layer flows. The unsteadiness associated with combustor 
flows, wakes, and rotation affects the transition from laminar to turbulent 
flows, making It unsteady with development of an unsteady transition region. 
Some experiments have showii heat transfer rates Intermediate between laminar 
and turbulent predictions. Separation bubbles with reattachment are not 
unusual In highly loaded airfoils. Much work must be done to develop good 
prediction techniques for these conditions as well as the Influences of turbu- 
lence, pressure gradients, surface curvature, and the addition of film cooling 
f 1 ows . 


Se condary flows . High turning and low aspect ratios In turbine passages 
enhance the development and strength of cross channel boundary layer flows. 

The horseshoe vortex formed on each endwall Just upstream of the leading edge 
provides a major redistribution of mlet wall boundary la'/ers. with both legs 
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of the vortex moving to the suctlon-surface-endwal 1 corner. Some experiments 
In a <?-0 cascade of high turning vanes showed with an Ink-dot technique that 
all of the 'nlet boundary layer flow close to the wall Is wrapped up 1n this 
vortex. AV of the endwall flow downstream of the vortex 1s fresh, developing 
from the free stream flew and flowing from the ulaue surraces. This helps 
explain som.* past experience with unpredicted endwall hot spots, Rigorous 3-0 
viscous computer codes will be required to make these phenomena predictable. 


Trailing edge losses and deviation . - The h 1 i,h turning angles In the core 
and fan drive turbines of current engines are presenting problems because of 
high bl ckage and high flow area sensitivity to ‘Tall changes In blade angle. 
Better prediction techniques are needed to reduce current development time and 
cost. 


Reynolds number effects . - Low pressure turbine stages with highly loaded 
vanes and blades are sensitive to Reynolds number effects. Some engine manu- 
facturers have reported rather severe performance losses In the latter stages 
at high al^'ltu'.'c cruise conditions. Reynolds numbers based on axial chord 
drop to values In the 50 COO range where laminar separation ai'd the prediction 
of transition begin to be problems. Some cascade and full stage research with 
these critical airfoils Is needed to provide a better understanding of airfoil 
behavior at these very low Reyno’ . numbers. 

Tip clearance losses . - Tip clearance losses Increase rather rapidly with 
Increasing clearance gap as mentioned earlier. The losses are of particular 
concern to designers of small turbines because running clearances are rela- 
tively large. While there 1s no shortage of loss-gap correlations for conven- 
tional shrouded and enshrouded blades, there Is a shortage o: good Ideas for 
minimizing losses. Some work Is underway In various locations to examine and 
evaluate unconventional geometries In the tip region. These Include active 
clearance control devices, non- uniform work distribution, winglets, clearance 
recessed In the static shroud, and tip treatments that Include wall grooves. 
These approaches have shown promise, and It 1s 11'ely that different comblna 
tions can be optimized for design cases with various gaps, blade row reaction, 
and blade loading 

Accuracy of heat transfer predictions . - Uncertainties 1n tne knowledge 
of the external blade environment and boundary layer behavior necessarily re 
suit In uncertainties In the prediction of external heat transfer. Similarly, 
coolant side heat transfer prediction Is difficult because of uncertainties In 
actual flow rates and coolant conditions as well as the behavior of the cool- 
ant In a rotational field, and as It passes through the entrance to the blade 
cavity, through the sharp turns, anti past the turbuiance promoters. There Is 
a great need for Improved research Instramentatlcn, better experlmertal corre- 
lations, and, of course, 3-0 viscous flow codes. 

Disk cavity flow and heat transfe r. - Current technology does not provide 
precise knowledge of the cooling riowi, leakage flows, circulatory flew pat- 
terns, and heat transfer In the disk cavity. Consequently, expcr1r.n.e factors 
play a large part In the design and developmun*" of turbine disks. Host 
designers agree that disks are cur-ently overdesigned and therefore hcavlec 
than necessary. Also, cooling flows are kept on the high sirie to avoid Inges- 
tion of hot gas Into the cavity at the blade roots. This penalizes the cycle 
thermodynamics and .'Iso d. grades vane and blade roct aerodynamics. Another 
major consideration Is the control of blade tip clearance as the disk, blades. 


12 



and shroud change dli.ienslonally because of thennal expansion and centrUuga’ 
forces. Research Is neede ' lo permit reauctions 1n leakage flows and disk 
weight to minimum allowables. 


Current Engine Technology 

NASA has funded several eng'. • design studies In recent years 1n two 
ma.ior programs for civil aIrcraH. One of these programs, the Energy Effi- 
cient Engine (EEE or E^) was for .--ge commercial passenger aircraft, while 
the other was the Quiet Clean General Aviation Turbofan (QCGAT) for small air- 
craft. Both programs were chartered to define the engine cycles, components, 
and technology needs for future aircraft with good fuel economy, low noise, 
and low pollutant emissions. 

Energy efflcle - 't engine . - General Electric and Pratt & Whitney were 
awarded contracts in this program and have progressed through component demon- 
strations. These programs have been well documented and publicized. Figure 
24 slows a sectional view of the General Electric concept The flow path, 
cycle numbers, and key features are shown. The first core turbine stage has a 
blade height of only 1.6 Inches, demonstrating the effect of the high cycle 
pressure ratios In even a very large engine such as this with a takeoff thrust 
of 36 000 pounds and an overall nacelle diameter of about 7.9 feet. The 
second stage has a blade height of 2.7 Inches and a tip diameter of 30 
Inches. The turbine Inlet temperature and high rotative speed combine to re- 
quire a total core turbine cooling of 18 percent of core comoressor flow. 

High turning angles were employed with a first stator exit flow angle of 74® 
from the axial direction. Second stator exit flow angle was 69®. The first 
stage vane cooling Included Impingement and film cooling ot the leading edge 
and pressure surface. There Is also trailing edge ejection. The first stage 
rotor blades Included two multipass cooling passages with limited amounts of 
leading edge film cooling and with tip and trailing edge ejection. Turbula- 
tors were used In the cooling passages. The second stage was cooled without 
surface film cooling. 

The GE low pressure low speed turbine has five stages to drive the fan 
and the 1/4 booster stage. Airfoil Internal cooling Is used In only the first 
vane. Vane oxit angles are 61° to 64® in the first four stages and 56° In the 
last. Rotor turning 1s around 110° In the first four and 74® In the last. 
Aspect ratios are high In all vane and blade rows. 

The Pratt & Whitney engine Is significantly different. A low pressure 
compressor on the fan shaft Is used, the core turbine has only one stage, and 
the two shafts rotate In opposite directions. This “ngine also has a sea- 
level thrust of 36 000 pounds, and the nacelle outer diameter Is about 8.7 
feet. Core turbine cooling Is 1^ percent of core flow. Vane turning Is very 
high, 78°, and the stage work factor, defined as the change In whirl velocity 
divided by wheel speed. Is 1.6. Rotor turning Is 120° and an exit whirl of 
-44° sefs up prewhirl for the counter-rotating low pressure turbine. Vane 
cooling Includes three passages with Impingement and film cooling of the lead- 
ing edge and the pressure surface. The trailing edge has Internal turbulators 
and trailing edge ejection. The rotor blades employ multipass passages with 
Internal turbulators. Coolant leaves the blades along the leading edge for 
film cooling, the tip pressure surface, and trailing edge. Reference 18 has 
the details on this turbine. 
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Improvi'il r ^nlyfitiriiU ami tht'tnH>JynamW t»nt>1no ilosUjn tools aio neodml to 
ilfMreaso tho lift' i yi le losts of opetaflng t'noDos. !hoso fools i .i» r«»iiin.»» 
ilovoloprwnt losts. Iruroaso hot part IHe, ami rpiliuo tool consumption. Ihpro 
has boon an awart'noss of those sppilth neeils tor many yt*ars as Imr omenta 1 
Impr ovemtMit s liesUjn toihnUju**'^ wt*re lontlruially ileve loped, luture Improve 
ment'' will vIepiMul uport Improved Instrumentation, new and Improved ionH>uter 
M>des, and the contlnulmji Improverm'nt In computers t lyure Ptl lists the iiwijor 
needs that have been Identified by deslgrrets ot turbines for 1arc|e and small 
engines / 0 lodes for amuilar dmts and tur bomai hVner y blade to blade flow 
sutfa^es are already In wide spread use, and at least one d [> code has been 
used with some simess by one ot the em^lne lompanles Hany people and organ 
1;at1ons are working on diverse aoproaihes to the a 1) problem, these codes, 
with various levels of sophistication, will gradually be Integr ated Into the 
design system figure .'P outlines the features that will be Imorporated Into 
the lodes. In addition ^^those listed, unsteady flow effects must be hamllevi 
In somt' way Ihe other needs have already been discussed to sorm* extent, and 
lertalnly must be 1m Kided In this list Ihe last Item Is the lOrwiHmly used 
term to Identity blade root lentrlgual stress level. Ibis prodmt Of annular 
flow area and the square of rotational speed Is dlreitly proportional to Made 
lentrlfuga) stress given a nvWerlal deifsity ami a taper factor Increases In 
lurrently limiting AN*' values are desired by all aircraft turbine designers 
tor the Improvement of aerodynamU pertoinvirue Improved nviteilals and lool 
Ing are the keys to Impiovenn'nt here 


Mission and i'yi le studies ror ruture inglnes 

Mission analyses and lyile studies are routinely tarried oat bv NASA as 
well as the a1rt»aft ami alruatt engine .oispanles for a variety of tlvll ami 
mil Italy appl Wat Ions Wnbofans ami advam ed pr t»p fans for flight In the 
year .*000 are the sub.WHts ot some turrent studies Advanced t ethnology pro 
Jettlons, lyvle trends, engine \ ont Igui at Ions , ami operating iosIn are being 
analv.’ed through parametiW laWiilatlons with ranges ot t yt le pressure ratio, 
turbine Inlet temperatures, and t omponent etfW lei ties uiWulatlons of this 
nature have been and are being tarried orrt for sescMal flight altitudes. Math 
numbers, rarrges, and mlssWni profiles 

figure shows the eleim'rrts tonsideied for large (bO 000 pounds thrusti 
and small (,'S 000 poumfs thrust) turbotan engines for ilvll transport A 
typWa) display ot tytle study results 1\ si ^n In figure 00, with thernMl 
effitleruv as a fumtlon oi lombustor exit temperature tor several t omponent 
ettWIeruv levels and overall pressure ratios Overall eftUlemy Is the pro 
dm t ot this thenrwl ettWIemy ami propulsive effWIemy, and spetIf W fuel 
tonsumptlon Is Irwersely proportional to the overall eft W lemy lath ot 
these eftW1eiu\ terms Is useful In evaluating the total propulsion system 
lire lomponents represented by these effWlenty levels are the fart Wrner dut t , 
the lompiessor, and the ^oie turbine. Ihe turves have optimum bypass ratios 
and tan pressure ratios built In for thl\ flight londitlorr. Note »ilso that 
the turblrre tooling t low was assumt'd ti be ;ero Ihe effett ot tooling flows 
van be aiiounted tor by eguatlirg the penalty to a loss In turbine rffWIerrty 

Ihe lomputer t ode used to geneiati* this fairly simple display Is lomplev 
and at ar>y point et> this nmtrlx partial dei Kail vex or Influeme loeffWItuits 



Cdo be lalrulated tor each variable In the program. Comparisons among these 
Influence coefficients Identify the high and low payoff areas, and thus aid In 
the planning of R 0 efforts. Curves of this type, along with estimates of 
future technology, are also used to prolect future cycle trends. Figures 31 
and 32 show a preliminary view of the trends Indicated by this study. 

It appears that cycle pressure ratios will continue Increasing to levels 
near bO compared to todays maximum values near 30. Turbine Inlet temperature 
‘ncreases. however, will be minimal, with changes of only 55 to 110 K (100^ to 
200® f). The effect of these changes on the turbine will Include smaller pas- 
sage heights and aspect ratios while higher heat fluxes will result from the 
higher pressures. Also, the coolant will be hotter. Therefore, both the 
aerodynamic and the heat transfer design problems will become more difficult. 
Improved cooling and materials will be needed to avoid cycle performance 
penalties associated with high turbine cooling flows. All during the history 
of the aircraft gas turbine Increases In Inlet temperatures have been paced by 
nwterlals. As allowable blade surface temperatures Increased 1n1et gas tem- 
peratures Increased, paving the way for the enormous gains In engine thrust 
to-welght ratio and the reductions In specific fuel consumption. Figure 33 
shows the evolution of turbine materials as they were developed to provide the 
required strength at ever Increasing surface and bulk metal temperatures. 

There has been a continuing Increase 1n allowable surface temperatures with 
occasional discontinuities reflecting "break throughs" associated with new 
materials and new processes. Two of these, mentioned previously, are pro 
Jected for ceramic coatings and solid ceramics. 


Turbine Performance Goals 

Studies made recently and currently In progress have Identified perform 
ance goals for ihe next generation of civil aircraft turbofans. Similar stud 
les made for propeller driven aircraft were made. Might Hach numbers and 
altitudes were somewhat lower than those specified for the turbofan studies, 
0.75 ana 35 000 feet for the turboprop. The turboprop studies so far have 
assumed that the high pressure spool would use essentldlly the same core com- 
pressor and turbine technology as the turbofan. Projections for small engines 
have also been made for various general aviation and rotorcraft applications. 

A very brief summary of the turb'.ae performance goals and operating character 
Istifs Is shown In figure 34. 

Military engines and related technology have not been discussed herein 
because much of the mission related numbers and the engine operating condl 
tions are classified. In general, thrust to weight ratio outweighs considera 
tions of noise, fuel economy, and long life. Turbine temperatures are 
therefore somewhat higher than In civil engines and transients are certainly 
more severe. Core turbine technology Is not greatly different from that of 
civil engines, however, and as time goes by there Is progressively greater 
commonality. In the early days of Jet engines, mlllta.y engines Ted the way 
with technology transfer to civil engines several years later. That tech 
nology transfer has become a two way street In recent years. Much of the work 
on design methods and turbine materials Is led by the designers of civil air 
craft engines and In many cases the pioneering efforts are Jointly supported. 
The long range goals In turbine technology for military and civil applications 
are nearly the same. Achl eveiiient of these goals will require continuing 
efforts In the analysis and design of turbine main flow passages and coolant 
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channels. Figure .15 shows schematically the projected change In turbine tech- 
nology from today's approximate and highly uncertain methods of flow and metal 
temperature prediction to future techniques with greatly Improved accuracy 
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development of rigorous and verified computer codes. 
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CONCLUDING REMARKS 

The material presented here has been gathereo from a variety of sources 
describing many research and development programs. These efforts over the 
past thirty-five years have resulted In the current high levels of engine and 
component performance. American dominance of the International aircraft 
market Is now being seriously ;hallenged by several countries and consortia of 
companies. The Improvements 1.1 lurblne design technology required for con- 
tinued U. S. leadership In the aircraft engine Industry will come largely from 
a thorough understanding of fluid behavior 1n turbine passages and the con- 
comitant ability to predict this behavior. Critical elements In the develop- 
ment of rigorous computer codes for hot gas flow field prediction Include 
precise non-interfering Instrumentation, thorough experiments for accurate 
modeling, and experiments In near-engine environments to validate the computer 
codes. Our \;ork Is cut out for us. 


REFERENCES 

1. Stepka, F. S., "Uncertainties In Predicting Turbine Blade Metal 
Temperatures," ASME Paper 80-HT-25, 1980. 

2. Wood, H. J., "Current Technology of Radial-Inflow Turbines for 
Compressible Fluids," ASME Paper 62-GTP-9, 1962. 

3. RohlU, H. E., "Raldal-Inflow Turbines," Turbine Design and Application , 
vol. 3, A. J. Glassman, ed . , NASA SP-290, 1975, pp. 31-58. 

4. Roelke, R. J., and Haas, J. E., "The Effect of Rotor Blade Thickness and 
Surface Finish on the Performance of a Small Axial Flow Turbine," ASHE 
Paper 82-GT-222, Apr. 1982. 

5. Futral, S. M., and Holeski, 0. E., "Experimental Results of Varying the 
Blade-Shroud Clearance In a 6.02-Inch Radial Inflow Turbine," NASA 

TN D-5513, Jan. 1970. 

6. Calvert, G. S., Beck, S. C., and Okapuu, Ulo, "Design and Experimental 
Evaluation of a High Temperature Radial Turbine." PWA-FR-4058, 

USAAMESl TR-71-2C, Pratt and Whitney Aircraft, West Palm Beach, Fla., May 
1971 . 

7. Ewing, B. A.; Monson, 0. S.; and Lane, J. M., "High Temperature Radial 
Turbine demonstration," AIAA Paper 80-0301, Jan. 1980. 

8. Ewing, B. A.; and Monson, D. S., "High-Temperature Radial Turbine 
Demonstration," DOA EOR-9990, USAAVRADCOM-TR 80-0-6, Detroit Diesel 
Allison, Indianapolis, In., Apr. 1980. 

9. Vershure, R. W., et a1., "A Cooled Laminated Radial Turbine Technology 
Demonstration." AIAA Paper 80-0300, Jan. 1980. 

10. Lane, J. M., "Cooled Radial Inflow Turbines for Advanced Gas Turbine 
Engines," ASME Paper 81 GT-213, Mar. 1981. 

11. Large. G. 0., and Meyer, L. J-, "Cooled Variable Area Radial Turbine 
Technology Program," NASA CR 165408, Jan. 1982. 

12. McLean, A. F., The Application of Ceramics to the Small Gas Turbine," 
ASME Paper 70 GT 105, Hay 1970. 


17 


13. Probst, H. B., •'Substitution of Ceramics for High Temperature Alloys," 
NASA TM-78931. 1978. 

14. Helms, H. E.; and Johnson, R. A., " Advanced Gas Turbine Technology 

nPvolnpiDPnt • ART IDO and Components.* 20th Automotive Technology 

Development Contractor's Coordination Meeting . P-120, SAE, Pennsylvania, 
1983, pp. 155-166. 

15. Boyd, G. L., et a1, "Advanced Gas Turbine Ceramic Component Development," 
20th Automotive Technology Development Contractor's Coordination Meeting . 
P-120, SAE, Pennsylvania, 1983, pp. 189-198. 

16. Mulloy, J. M.; and Weber, H. G., "A Radial Inflow Turbine Impeller for 
Improved Off-Design Performance," ASHE Paper 82-GT-lOl, 1982. 

17. Hallla, E. E.; Lenahan, 0. T.; and Thomas, T. T., "Energy Efficient 
Engine, High Pressure Turbine Test Hardware Detailed Design Report," 
R81AEG284, General Electric Co., Cincinnati, Oh, 1982. (HASA CR-167955). 

18. Thulln, R. D.; Howe, D. C.; and Singer, I. 0., "Energy Efficient Engine: 
High Pressure Turbine Detailed Design Report." Pratt Whitney Aircraft 
Group, East Hartford, Conn., 1982. (NASA CR-165608). 

19. Schrader, W.; and German, J., "AVCO Lycoming QCGAT Final Design Report," 
LYC 80-45, Avco Lycoming Div., Stratford, Conn., Feb. 1980. 

20. Norgren, W. M., et a1, "QCGAT, Quiet, Clean, General Aviation Turbofan 
Final Design Report," Garrett Report 21-2474(2), Garrett, Phoenix, Ariz., 
Dec. 1978. 


18 


Poor 


Page ts 

Quality 


I 



.'(HX1 1 
UXX1 \ 


ii'MI 




1 1 




Ull^iuni 1 

mu BO I -\N 


10<0 I'XJO N‘’0 I'XiO I'Xi'O I'^Sli 
MAKOl MUM lliom 

lioiiio 1. I'lOiiu’SN in tuil'ino ti’nivr.Unii', 


n-\l'\ B\S| . liisM s .\\p IKAl 
lUANMlU. OONM M' MOW 


•\.\AhMs 



\ 

^ i I 



I \ i 

. \ I 





UIAINJIII s 

• Vv.. OA^ MOI 111 A1 lUANMIU 

• >■.' OOOl AMI Mm ill A! lUAMSIlU 

• ISO'' t IM lOOAl 

• io\ iM I'ui moil n 1 111 

OOM 

• mMlOPMl'Ml OOM, t-io 10 i.'..\' 

MIlllOM ilN I'JS.'IHMIAUM . a 
IMO. lMl IN OOUl lllUBIMl I IM S 


l')‘M 


looii lo;o loso 

A I AU 


I Miiit' Hull’ i'l tuil’int' tov linoK'uN. 



1 


CP’”i:'!AL PAGE IS 
rOOR QUALITY 



•600 m TO 1600 m 

•30 TO 40% IN CORE TURBINE 

• 2/3 OF THIS IN "FIXES” 

Figure 3. - New engine development cost. 


lURBINt DESIGN TECHNOLOGY 


I 


t 


/ 


/ 


/ 


/ 


/ 


/ 


DATA BASE; LOSSES AND HEAT 
TRANSFER, QUASI 3D FLOW 
ANALYSIS 


/ 

REAL WORLD" VERIFICATION 

ENVIRONMENT DEFINITION 

3D VERIFIED VISCOUS CODES 
RIGOROUS HEAT TRANSFER 
CODES 


O 

-ri I 
C V* 


UNCERTAINTIES 

• 357o GAS SIDE HEAT TRANSFER 

• 257» COOLANT SIDE HEAT TRANSFER 

• 130° F IN LOCAL T^^ 

• lOx IN PREDICTED LIFE 

COST 

• DEVELOPMENT COST. $40 TO $400 

MILLION (IN 1982 DOLLARS) PER 
ENGINE IN CORE TURBINE FIXES 


UNCERTAINTIES 

• 15 TO \^h GAS SIDE HEAT TRANSFER 

• 107o COOLANT SIDE HEAT TRANSFER 

• 50° TO 25° F IN LOCAL T^^ 

• 4 TO 2x IN PREDICTED LIFE 

COST 

• DEVELOPMENT COST. $20 TO $200 

MILLION (IN 1982 DOLLARS) PER 
ENGINE IN CORE TURBINE FIXES 


1950 


1960 


1970 1980 

YEAR 


1990 


2000 
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Figure 'j. - Axial and radial stages for same application. 
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Figure 7. - Cooled radial turbine. 



Figure 8, - Bicast rotor section. 
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(a) Flow path. 



Co) Artirulated trail in(|-e(1c]e nozzle area variation concept. 


Fiqure 17. - Cooled, variable-area radial turbine. 
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FicjiTe 22. - Mixed flow turbine. 
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Figure 26. - NASA OCGAT cross section-AVCO Lycoming, 
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Figure 34. - Turbine performance goals for 199^ to 20r>n. 





